Shiga toxin (stx)-producing Escherichia coli O157 : H7 is a prominent food-borne pathogen. Symptoms in human infections range from asymptomatic to haemorrhagic colitis and haemolytic uraemic syndrome, and there is a need for methods that yield information that can be used to better predict clinical and epidemiological outcomes. IS629 is an insertion sequence notable for its prevalence and variable distribution in the chromosome of E. coli O157 : H7, which has been exploited for subtyping and strain characterization. In particular, IS629 distribution is closely aligned with the major phylogenetic lineages that are known to be distinctive in their genome structure and virulence potential. In the present study, a comprehensive subtyping method in which IS629-typing was combined with stx genotyping was developed using a conventional PCR approach. This method consisted of a set of 32 markers based on the unique distribution of IS629 in the three major phylogenetic lineages of E. coli O157 : H7 and six additional markers to determine the stx genotype, a key virulence signature associated with each lineage. The analysis of IS629 loci variation with the 32 markers allowed us to determine the IS629 distribution profile (IDP), phylogenetic lineage and genetic relatedness of the 31 E. coli O157 : H7 strains examined. An association between IDP typing and stx genotype was observed. The use of both IDP and the stx genotype for strain characterization provided confirmative and complementary data in support of lineage placement of closely related strains. In addition, IS629/stx profiles were in agreement with strain segregation based on LSPA-6 (lineage-specific polymorphism assay) and PFGE subtyping, demonstrating its potential as a subtyping and strain tracking method.
INTRODUCTION
Escherichia coli O157 : H7 remains a significant publichealth concern since first being identified as a human pathogen more than 30 years ago (Riley et al., 1983; Karmali et al., 1983; Vogt & Dippold, 2005; Bell et al., 1994; Rangel et al., 2005) . Shiga toxin (Stx)-mediated cytotoxicity is central to the pathogenesis of E. coli O157 : H7 in humans (Johannes & Römer, 2010; Boerlin et al., 1999; Obrig, 2010) . Cattle are an asymptomatic carrier of E. coli O157 : H7, and transmission to humans occurs by contaminated food and water, as well as personto-person contact (Rangel et al., 2005) . Symptoms of infection range from subclinical to life threatening with the development of haemorrhagic colitis and haemolytic uraemic syndrome (Griffin et al., 1988; Griffin & Tauxe, 1991; Wachsmuth et al., 1991) . Shringi et al., 2012; Boerlin et al., 1999) . Genome analysis by octamer-based genomic scanning and microarraybased comparative genomic hybridization (Kim et al., 1999; Zhang et al., 2007) has shown that E. coli O157 : H7 can be assigned to three main phylogenetic lineages: termed lineages I, II and I/II. Typically, lineage I isolates originate from human clinical and bovine sources; whereas, lineage II strains predominantly have a bovine origin, while I/II strains are associated with human infection and include a hyper-virulent group consisting of the multistate 'spinach' outbreak strains Kulasekara et al., 2009; Laing et al., 2009) . A key genetic signature of the three E. coli O157 : H7 lineages lies in the possession of different shiga toxin (stx) genes, carried by shiga toxin-encoding prophages. Lineage I strains typically possess stx1 and stx2a; whereas, lineage II strains typically harbour stx1 and stx2c, and lineage I/II strains usually contain stx2a and stx2c. Stx2c-encoding prophage differ from the prototypical Stx2a-encoding phage in the chromosome integration site and gene content (Eppinger et al., 2011b; Strauch et al., 2004 Strauch et al., , 2008 . Furthermore, lineage I and I/II strains produce significantly more Stx2 than lineage II strains (Zhang et al., 2010) , indicating the diversity in the stx genotypes is associated with virulence potential.
The chromosomal variability observed between E. coli O157 : H7 strains occurs within a genomic backbone syntenic to E. coli K-12, which is interrupted by hundreds of regions specific to E. coli O157 : H7 (termed O-islands) (Perna et al., 2001) . Genomic diversity in E. coli O157 : H7 is thought to be driven by mobile genetic elements (MGE), including prophages and insertion sequences (IS) acquired during the evolution of E. coli O157 : H7 (Rump et al., 2011a; Ooka et al., 2009a) . Chromosome variation also occurs as a consequence of insertions, deletions and chromosomal rearrangements (Iguchi et al., 2006; Kudva et al., 2002) . Subtyping of E. coli O157 : H7 isolates by restriction enzyme digestion profiles (REDPs) resolved by PFGE is highly discriminatory for these chromosome changes.
IS629 (GenBank accession no. X51586, also identified as IS1203v) is a 1.31 kb, non-replicative IS featuring a pair of inverted repeat sequences and two ORFs (orfA and orfB) that overlap by a single base pair (Matsutani & Ohtsubo, 1990) . It belongs to the IS3 family whose transposition activity is regulated by frame shifts and a cis-acting regulator (Chen & Hu, 2006; Kusumoto et al., 2011) . IS629 is the most prevalent IS in the E. coli O157 : H7 genome, while being rare in E. coli O55:H7, the proposed ancestor of E. coli O157 : H7 (Rump et al., 2011a) . It has a bias for Oislands, particularly MGE (Rump et al., 2011a; Ooka et al., 2009a) , but it is unknown if this insertional preference is due to a molecular mechanism (e.g. hot spots for IS integration) or an evolutionary outcome.
IS629 transposition typically results in the insertional inactivation of genes, deletion of chromosomal flanking regions or genomic rearrangements (Ooka et al., 2009a) in E. coli O157 : H7 based on a recent genetic analysis (Rump et al., 2011b) . The prevalence of IS629 elements in E. coli O157 : H7, together with the ability to cause genetic changes and a possible bias towards integration within or nearby to MGE, creates the potential for IS629 to disrupt and deactivate prophages and various virulence factors, as shown in the insertional inactivation of both stx1 and stx2 (Suzuki et al., 2004; Park et al., 2013; Kusumoto et al., 1999) .
Multiple subtyping methods have been developed, including high-resolution genotyping based on single nucleotide polymorphisms (SNPs) (Manning et al., 2008; Eppinger et al., 2011b) , octamer-based genome scanning (Kim et al., 1999) and comparative genome hybridization (Zhang et al., 2007) . However, these methods are labour intensive and not feasible for high throughput. Comparative genomic fingerprinting using 23 of the most variable loci and the lineage-specific polymorphism assay (LSPA-6) (Zhang et al., 2007) are available for rapid genotyping/lineage typing but a majority of the markers are based on genetic variation in the chromosomal backbone, not in the hypervariable regions of the E. coli O157 : H7 chromosome. The chromosomal distribution pattern of IS629 has been shown to be highly discriminatory and segregated by lineages defined by LSPA-6 (Yokoyama et al., 2011) . Recently, a PCR-based subtyping method using IS629 distribution has been developed and used to discriminate E. coli O157 : H7 (Ooka et al., 2009b) . In this published study, the lineage of strains was not determined, nor did it allow for tracking of changes in the individual IS629 loci, which can be useful in evolutionary and epidemiological studies. To extend these findings, we developed a set of genetic markers that monitors variation in IS629 distribution, as well as stx genotype. The data showed that IS629/stx profiles were in agreement with LSPA-6 and REDP results, and provided additional discriminatory information that may be useful in epidemiological investigations to complement standard subtyping methods.
METHODS
Selection of E. coli O157 : H7 strains. A previous study that investigated the genomic diversity of E. coli O157 : H7 from dairy calves from 16 states (Lee et al., 1996) identified 18 XbaI REDPs and 14 SfiI REDPs that formed 3 clusters (SfiI/XbaI REDP clusters I, II and III) based upon Dice similarity coefficients. We analysed 18 of these strains to determine whether IS629 distribution profiles (IDPs) corresponded with XbaI REDPs and SfiI/XbaI REDP clusters. Sixteen additional strains from disparate sources were included in order to increase the diversity of the strain set: including three lineage-prototype strains (EDL933 for lineage I, EC869 for lineage II and EC4115 for lineage I/II), four spinach outbreak strains, strain Sakai and six Wisconsin dairy-farm isolates (Table 1 ). The analysis of strains EC869, EC4115 and EC4206 was based on their published genomic sequences (Eppinger et al., 2011b) , while the other 28 strains were characterized using conventional PCR. The genomic sequences of strains EDL933, EC869 and EC4115 were On: Thu, 10 Jan 2019 06:25:14 used to identify lineage-specific IS629 markers as described in detail below.
LSPA-6 typing. The LSPA lineage type of all 31 strains was determined using 6 polymorphism markers (Yang et al., 2004) . LSPA-6 alleles were defined using the reference table provided by Yang et al. (2004) . Isolates that possessed LSPA-6 genotype 111111 were classified as lineage I, isolates that possessed 222222 or 222223 were classified as lineage II, while all others were assigned to lineage I/II (211111 and 211211). Previously defined PCR conditions were used (Yang et al., 2004) and amplicons were resolved by agarose (4.0 %) gel electrophoresis run overnight at 75 V.
PCR analysis of stx subtypes. To determine the stx genotype of each strain, primer pairs specifically amplifying stx1, stx2a or stx2c were designed (Table 2) using the sequences of stx1 (accession no. NP_288671.1) and stx2a in EDL933 (accession no. NP_286976.1), and stx2c in FRIK966 (accession no. ZP_05951333.1), from the National Center for Biotechnology Information nucleotide database. Sequence alignment to identify divergent regions between the stx genes was performed using MUSCLE alignment software (http://www. ebi.ac.uk/Tools/msa/muscle/). Primers to discriminate between stx2a or stx2c, which differ by a few nucleotides (i.e. SNP), were designed based on a protocol named one-step SNP-extension inhibition PCR that was previously developed to distinguish two highly homologous genes (D. Park and others, unpublished) ; briefly, the 39 end of both forward and reverse primers were designed to target a SNP so that PCR extension of the primer pair occurs only for one subtype gene but not the other at a high-stringency annealing condition (i.e. an annealing temperature that is the same as the lowest melting temperature of the primer pair).
Genomic DNA (gDNA) was prepared from overnight cultures derived from a single colony of each strain grown on a LB agar plate overnight at 37 uC. gDNA was extracted using MasterPure DNA purification kit (Epicentre Biotechnologies). Nucleic acid concentrations were measured based on the optical density at 260 nm and normalized to~100 ng ml 21 . PCR was conducted as follows: each PCR was composed of 1.25 U BioReady rTaq DNA polymerase (Bulldog Bio), 10 pmol each primer,~100 ng gDNA and 1.5 mM MgCl 2 buffer and nuclease-free H 2 O to a total volume of 25 ml. PCRs were run for 5 min at 94 uC, followed by 23 cycles of 94 uC for 30 s, 54 uC for 30 s and 60 s at 72 uC. Amplicons were then analysed by agarose (1.0 %) gel electrophoresis and visualized by staining with ethidium bromide.
PCR analysis of the integration site of stx2a-encoding phages.
The integration sites (i.e. wrbA and argW) of stx2a-encoding phages were determined as follows. The primer pair of wrbA-R and intstx2a-F (Table 2 ) was used to amplify the 646 bp region spanning wrbA and the adjacent integrase gene (int) in EDL933 to determine the integration of the stx2a-encoding phage in wrbA as a typical signature for lineage I strains (Eppinger et al., 2011a) . Likewise, a primer pair of argW-F and int-stx2a-R (Table 2 ) was used to amplify the 1360 bp region spanning argW and the adjacent integrase gene (int) in EC4115 to target the integration site of stx2a-encoding phage associated with lineage I/II strains. Each strain was tested for both integration sites.
PCRs were run for 5 min at 94 uC, followed by 23 cycles of 94 uC for 30s, 54 uC for 30s and 72 uC for 60s. Amplicons of the wrbAint and argW-int were analysed by agarose (1.0 %) gel electrophoresis and bands were visualized by staining with ethidium bromide.
IS629 marker design. The chromosomal location of IS629 elements in the published genomes of the three lineage-prototype strains EDL933, EC4115 and EC869 (Perna et al., 2001; Eppinger et al., 2011a, b) were compiled using National Center for Biotechnology Information BLAST and MaGe genome browser (Vallenet et al., 2006) . IS629 elements located on pO157 were excluded from consideration due to the nature of their lateral acquisition and frequent loss. As depicted in Fig. 1 , each IS629 marker was composed of one of two outward facing universal IS629-specific primers (IS629-F and IS629-R) and an external primer specific to a chromosomal region flanking the particular IS629 element. Positive PCR amplification represents a conserved IS629 element at a given locus, while a negative result indicates either the absence of IS629 or sequential divergence in the flanking region. A total of 32 external primers, targeting 15 loci in EDL933, 8 loci in EC869 and 9 loci in EC4115 (prefixed with LI-, LIIand LI/II, respectively), were designed to detect IS629-associated loci (Table 3) .
PCR analysis of IS629-associated polymorphisms. Each PCR was composed of 1.25 U BioReady rTaq DNA polymerase, 10 pmol of both the internal primer and the external primer, 100 ng gDNA and 1.5 mM MgCl 2 buffer, and nuclease-free H 2 O to a total volume of 25 ml. PCRs were run for 5 min at 94 uC, followed by 23 cycles of 94 uC for 30 s, 54 uC for 30 s and 60 s at 72 uC. Amplicons were then analysed by agarose (1.0 %) gel electrophoresis and visualized by staining with ethidium bromide. Fig. 1 . Marker design method in an IS629 locus. Diagram of a typical intact IS629 element, consisting of two ORFs (orfA and orfB) flanked by inverted repeats (IR). Two common internal primers, IS629-F and IS629-R, are located at nucleotide positions 1024-1044 and 108-132, respectively. An external primer located either upstream or downstream of the IS629 element is indicated (US primer or DS primer, respectively). For each locus, either US primer/IS629-R or DS primer/IS629-F was selected based on sequence specificity or PCR amplification efficiency (see Table 2 ) for the selected upstream/downstream genes. 
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All primer pairs that yielded amplicons with the expected sizes following PCR with a gDNA template of the respective reference strains (EDL933 for LI markers, FRIK966 for LII markers and FRIK1919 for LI/II markers) were included in the final marker set. Amplicons from reference strains were subsequently sequenced (Functional Biosciences) to verify that the primer pairs hybridized to the correct target sequence. Amplicons that differed in size from the predicted size were also sequenced to investigate non-specific amplification; a primer (i.e. LI-DS-2) producing non-specific amplicons was removed from the final set of primer pairs (Table 3) . Each strain and marker combination was run at least twice to confirm results. Strains with published genomes that were not available for hands-on PCR analysis were analysed in silico (Table 1) .
Analysis of E. coli O157 : H7-specific regions (O-islands). The genome of E. coli O157 : H7 strain EDL933 has been shown to contain more than 100 chromosomal segments encoding genes that are not found in the E. coli K-12 MG1655 genome (Perna et al., 2001) . These O-islands constitute about 26 % of the genome, and include 18 prophages and known virulence genes. The location of IS629 elements, prophage markers, other O-islands and backbone are presented in Fig. 2 : published data for the location of prophages and other O-islands was used for EDL933 (Zhou et al., 2010; Perna et al., 2001) ; whereas, putative O-islands in EC4115 and EC869 were identified using Mauve (Darling et al., 2010) genome aligner and the genome of E. coli K-12 MG1655 (Blattner et al., 1997) as a reference. Putative prophage regions in EC4115 and EC869 were identified using PHAST (Zhou et al., 2011) . The schematic presentation of the chromosome data was then carried out using the software package Circos (Krzywinski et al., 2009) (Fig. 2) .
RESULTS
Lineage determination based on LSPA-6
The lineage of the 31 strains was determined by LSPA-6. Among the strains analysed, there were 10 lineage I, 12 lineage II and 9 lineage I/II strains ( 
Determination of stx genotype
The three phylogenetic lineages of E. coli O157 : H7 possess distinctive stx genotypes (e.g. stx subtype and integration site of stx-encoding phage). Typical lineage I strains carry shiga toxin genes stx1 and stx2a, while lineage II strains usually carry stx1 and stx2c. Lineage I/II strains typically carry both stx2a and stx2c (Eppinger et al., 2011b) . In addition, two alternative integration sites of stx2a-encoding phage have been identified, wrbA and argW. Prior to IDP typing, the stx genotype of the 31 E. coli O157 : H7 strains was determined. The majority of strains tested possessed the expected lineage-specific stx subtypes, while seven strains were found to have atypical stx genotypes (Table 1 , Fig. 3 ). In contrast to the conserved stx genotype in lineage I strains, two lineage II strains lacked stx1, while five out of nine lineage II strains displayed variable stx genotypes. The chromosomal integration sites of stx2a-prophage in lineage I and lineage I/II strains were wrbA and argW, respectively. The stx-related genotypes were mostly conserved in E. coli O157 : H7 lineages, although variant strains were identified.
In silico development of IS629 markers
A set of IS629 markers was selected based on analysis of chromosomal loci associated with IS629 in E. coli O157 : H7 genomes from each of the major phylogenetic lineages: EDL933 for lineage I, EC869 for lineage II and EC4115 for lineage I/II. A total of 19 loci containing IS629 elements were identified in the chromosome of EDL933, including a truncated element. Fifteen loci were ultimately included as targets in the marker set (Fig. 2 , Table S1 available in the online Supplementary Material). Each marker was designed to have a non-redundant target, except for LI-DS1, which targets a duplicated region (see Table S1 for details) in the EDL933 chromosome. This duplication is unique to EDL933 and absent in the other sequenced E. coli O157 : H7 chromosomes analysed. Seventeen and fifteen IS629 elements were identified in the chromosomes of EC4115 and EC869, respectively. Excluding the loci that were conserved across the three lineages, eight IS629 elements from EC869 and nine elements from EC4115 were included in the IS629 marker set (Fig. 2 , Table S1 ). Altogether, 32 IS629 markers were used to characterize strains.
Distribution of the IS629 markers in E. coli O157 : H7-specific regions and backbone regions was analysed as described above. The relevant O-islands and putative prophage in the chromosome of prototype strains from each lineage are shown in Fig. 2 . Consistent with the findings of other studies (Rump et al., 2011a; Ooka et al., 2009a) , copies of IS629 elements were commonly associated with prophage regions and O-islands. Despite a shared association with genes encoding prophage-encoded proteases, phage lysis proteins and membrane proteins, the genetic distribution of IS629 was highly variable and distinct in the chromosomes of the three sequenced strains (Table S1 ). This suggested that IDP typing would be effective for the phylogenetic placement and subtyping of E. coli O157 : H7 isolates.
IDP characterization
Thirty-one E. coli O157 : H7 strains were characterized by PCR analysis using thirty-two IS629 markers and the resulting IDPs are shown in Fig. 3 . A total of 26 distinct IDPs were detected among the 31 strains. Ten strains were identified by lSPA-6 as lineage I and among these strains nine different IDPs were identified. Likewise, 12 strains were placed in lineage II by LSPA-6, which displayed 10 different IDPs, and the 9 strains placed in lineage I/II had 7 different IDPs. These findings demonstrate that strains E. coli O157 : H7 lineage placement using IS629 and stx within LSPA-6 lineages can be further subdivided by their IDP.
The IDPs of lineage I and lineage II strains were more conserved than that of lineage I/II. Among lineage I/II strains, four isolates (e.g. FRIK1919, FRIK1921, EC4115 and EC4206) from a spinach outbreak (carrying stx2a/ stx2c) shared almost identical IDPs, while five strains with atypical stx genotypes displayed diverse IDPs and were negative with most of lineage I/II IS629 markers.
The 15 lineage I (LI) markers were composed of 3 categories of targets: 5 conserved 'universal' markers (LI-US8, LI-DS17, LI-US9, LI-DS11 and LI-DS18) that were present in most strains from all 3 lineages; 3 markers (LI-DS1, LI-DS7 and LI-DS16) that were found in lineage I and the lineage I/II spinach clone only; and 7 markers exclusive to lineage I strains with a few exceptions. Both lineage II and lineage I/II markers were mostly specific to the respective lineage with the exception of three markers (LI/II-DS-15, LII-DS-11 and LII-DS-3) (Fig. 3) . Nineteen IS629 markers were associated with putative prophage regions or other O-islands and thirteen markers were located in chromosome backbone regions. In total, 31 out of the 32 IS629 markers (excluding LI-US8 that was 100 % positive in all strains tested) contributed to the discriminatory power of this method, further confirming that IS629-linked genetic diversity is prevalent among natural isolates of E. coli O157 : H7. With the availability of additional sequence data from a larger number of strains, the robustness and discriminatory power of IDP typing can be determined.
IDP typing was able to detect chromosomal variation among closely related isolates. For example, three spinach outbreak strains shared an identical IDP confirming their clonal nature (Eppinger et al., 2011b) . EC4115 was previously defined as an outlier among the outbreak isolates based upon SNP analysis (Eppinger et al., 2011b) and had an IDP that differed from the clonal group IDP by three IS629 markers (see Fig. 3 ). As another example, FRIK2455 and FRIK2533 are from a common farm, share genetic and phenotypic features Jeong et al., 2013) , and displayed IDPs that differed by three markers. In addition, IS629 distribution in conjunction with stx genotypes provided complementary data. For example, two atypical strains that possessed only stx2c while lacking stx1 (768-2-1 and 1077-4-1) were ultimately prophages (orange) and other relevant O-islands (blue). The published nomenclature for prophage and O-islands in EDL933 are shown, while putative prophages and other O-islands in EC4115 and EC869 that were identified in this study remain unlabelled. The chromosome of EC869 has not been closed; therefore, published contigs are arranged in a notional manner based upon genome wide alignment with MG1655 in order to highlight locations of prophage and other O-islands relative to IS629 elements.
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determined to belong to lineage II based upon their IDPs (Fig. 3) .
Comparison between IDP and REDP results
The genotypes obtained by IDP and REDP were compared using a strain set previously analysed by PFGE (Lee et al., 1996) . The XbaI REDPs of 18 E. coli O157 : H7 strains are listed in Fig. 3 along with IDP results. Fifteen REDPs were associated with a unique strain IDP, but IDP was able to further define differences in strains within a REDP group. For example, among the three REDP VI strains (404-5-1, 405-5-8 and 459-3-1), two shared a nearly identical IDP (one marker LII-DS-6 difference), while 459-3-1 displayed a distinctive IDP (Fig. 3) . IDP, in conjunction with the stx genotype, clearly placed the first two REDP VI strains (404-5-1 and 405-5-8) in lineage I and the third REDP Vl strain (459-3-1) in lineage II. In contrast, strains 1081-9-1 and 1077-4-1 had a common IDP but different REDPs and stx genotypes (Fig. 3) . Dice similarity indices of combined SfiI and XbaI REDPs identified three clusters: 1, 2 and 3 ( Fig. 3) (Lee et al., 1996) . In general, both XbaI/SfiI REDP and IDP resulted in similar clusters: all XbaI/SfiI REDP cluster 1 strains belonged to lineage I, while five of six XbaI/SfiI REDP cluster 2 strains belonged to lineage II. The remaining cluster 2 strain (996-2-1) was shown to be lineage I/II possessing a variable stx genotype and IDP. The XbaI/ SfiI REDP cluster 3 contained heterogeneous strains (Fig.  3) . These comparative analyses of IDP/stx and XbaI/SfiI REDP groups indicated that strain characterization based on IDP/stx genotypes yielded additional complementary data to PFGE subtyping. I  I  I  I  I  I  I   III  IV  VII  VI  VI  I  XVIII   1  1  1  1  1  3  3  I  I   II  II  II  II  II  II  II  II  II  II  II   I/II  I/II  I/II  I/II  I/II  I/II  I/II  I/ Fig. 3 . Comparative analysis of LSPA-6, stx genotype, IDP and REDP. Strains were initially assigned to lineages based on LSPA-6 results. The stx genotype was determined by PCR with five primer pairs for the three stx subtypes (stx1, stx2a and stx2c) and two alternative stx2a-phage integration sites (wrbA and argW). A shaded black box indicates the presence of the amplicon, while an unshaded white box indicates a negative PCR result. The three reference strains (EDL933, EC869 and EC4115) used for identifying markers and primer design are indicated in bold. Asterisks denote strains for which the IDP was derived from in silico analysis. XbaI REDP groups and XbaI/SfiI REDP clusters from strains previously analysed (Lee et al., 1996) are presented for comparisons between PFGE and IDP/stx genotyping results.
E. coli O157 : H7 lineage placement using IS629 and stx
DISCUSSION
Heterogeneity in E. coli O157 : H7 pathogenicity has been observed and is associated with its source (e.g. human and bovine) and phylogenetic lineage (i.e. I, II and I/II) (Zhang et al., 2007; Laing et al., 2009) . A higher level of Stx2 is typically produced by isolates from humans (lineage I and I/II strains) than by isolates from cattle (lineage II strains) (Zhang et al., 2010) . A study of chronological isolates from cattle farms reported a biased prevalence of particular strains on a farm and genetic drift in which Stx production in a persistent bovine E. coli O157 : H7 strain was altered . These results indicate both lineage type and stx genotype of a strain can be informative to epidemiological and evolutionary investigations.
In the present study, a subtyping method in which IS629-typing was combined with stx genotyping was developed using conventional PCR. The method consisted of a set of 32 markers based on the distribution of IS629 in genomes from the three major phylogenetic lineages, and 6 additional markers to determine the stx genotype and stx2a-encoding phage chromosome integration site. The analysis of IS629 loci variation with the 32 markers allowed us to determine the IDP, phylogenetic lineage and genetic relatedness of the 31 E. coli O157 : H7 strains examined. The stx genotype, a signature of each lineage, was congruent with IDP typing. While LSPA-6 genotypes determined the lineage of each strain, IS629-based strain typing, together with stx genotyping, identified additional chromosomal variation among strains within a lineage. The clonal spinach outbreak strains were shown to be distinct from the other lineage I/II strains, implying they may have emerged recently from a separate niche. Since IDP/stx subtyping was designed to monitor individual loci, it can be used to monitor chromosome change over time.
IDP was consistent with REDP subtyping, indicating that this method can detect genome-wide diversity in strains similar to high-resolution genotyping methods such as SNP typing and comparative genomic fingerprinting, although the genetic basis for the concordance between the methods is not understood. A study analysing small-size structural polymorphisms (SSSPs) in the genomes of E. coli O157 : H7 strains showed that 78.8 % of the identified SSSPs (i.e. 130 out of 165) were generated by two types of IS element: IS629 (109 SSSPs) and ISEc8 (21 SSSPs) (Ooka et al., 2009a) . Interestingly, all IS-associated genome deletions (ranging from 2-20 kb) were related to IS629 (Ooka et al., 2009a) , which may explain the genetic basis for the REDP and IDP results.
Although IS-mediated functional alteration of genes was not addressed in the present study, many IS629 are associated with genes encoding toxins, type III effectors, phage lysis proteins and exonucleases (Table S1) , which can affect either virulence or phage production. Almost all IS629 elements identified in E. coli O157 : H7 appear to be sequentially intact, consisting of two ORFs encoding a transposase and flanking repeats; these elements are presumably functional (data not shown).
A recent study showed that IS629-derived inactivation of the stx gene coincided with dissemination (.95 % prevalence) of a particular clone in a cattle herd . Such data is indicative that IS629 elements are involved in the modulation of bacterial virulence and host fitness, which may be partially responsible for the high numbers of active IS629 that are maintained in E. coli O157 : H7.
The prevalence of IS629 in the clonal groups identified during E. coli O157 : H7 evolution suggests that a majority of IS629 were introduced during the transition from the A5 clonal group (SOR 2 , GUD + ) to the A6 clonal group (SOR 2 , GUD 2 ), a key step to pathogenic E. coli O157 : H7 (Rump et al., 2011a) . Given that the A6 clonal group has further diverged into different lineages that differ in genome structure and virulence potential (Steele et al., 2009; Vanaja et al., 2010) , IS629 distribution may be linked to the unique evolutionary paths of each lineage and pathogenesis of E. coli O157 : H7. Four IS629 insertion sites were conserved among the strains analysed; two were associated with prophage genes encoding a holin protein and Clp endopeptidase. Holins are known to be an essential component for the lytic cycle of phages (Young & Bläsi, 1995) and phageencoded Clp appears to play a role in phage production (Stanton and others, unpublished data) . IS629 transposition events associated with these genes may immobilize or inactivate prophages in the chromosome of E. coli O157 : H7. Indeed, most prophage in E. coli O157 : H7 strains are defective due to the lack of essential genes for phage production (Asadulghani et al., 2009) . The remaining 28 loci targeted were lineage specific, indicating IS629 transpositional events occurred following lineage divergence. IS629-associated genes in each lineage were diverse in terms of annotated function and the potential significance of these insertion sites requires further study. Determination of stx subtypes (i.e. stx2a and stx2c) that differ by a few SNPs is typically carried out by a two-step protocol, PCR and restriction digestion, which is not ideal for routine high-throughput analyses. Stx subtyping by one-step SNP-extension inhibition PCR was designed to eliminate the routine downstream restriction digestion assay for SNP analysis (see Methods). Rapid determination of the stx2 genotype, in particular, is important for predicting the virulence potential of an E. coli O157 : H7 isolate since Stx2 production has been shown to be more frequently associated with severe human disease such as haemolytic uraemic syndrome. Studies have revealed that stx2c-encoding prophage differs from the prototypical stx2a-encoding phage in its chromosomal integration site, gene content and lineage placement (Eppinger et al., 2011b) . In a recent analysis of a large collection of E. coli O157 : H7 strains it E. Stanton and others was observed that stx2 transcription and production of Stx2-encoding phage displayed significant strain-tostrain variation. Stx2a-encoding phages are capable of inducing lytic cycles and producing high levels of both Stx and phage particles, while Stx2c-encoding phages display impaired stx transcription and toxin production . Together, the one-step SNP extension inhibition PCR for stx genotyping developed in this study will provide an initial screen for the stx subtype and the potential virulence of an isolate.
This study combined stx genotypes with IS629 distribution for phylogenetic classification and information related to the virulence potential of E. coli O157 : H7. A previous multiplex PCR-based method was based on IS629 insertion at 16 loci collectively identified by a comprehensive survey of 201 strains representing 1987 isolates in Japan (Ooka et al., 2009b) . The present study focused on of IS629-associated loci specific to each of the three major phylogenetic lineages, and the development of an effective screening method that determined both lineage and IS629-mediated subtype. In addition, a PCR method for stx genotypes with variable SNPs was developed. Concomitant determination of IDP and stx genotype of isolates will contribute valuable information to epidemiological investigations and be useful in tracking chromosomal heterogeneity in E. coli O157 : H7.
